The synthesis of RNA by chromatin-bound RNA polymerase prepared from sugar beet (Beta vulgaris) When intact storage tissue, such as roots or tubers, is sectioned and washed, a dramatic increase in metabolic activity ensues. This appears to be a general phenomenon in higher plants and has been regarded as a derepression phenomenon (11, 13, 14, 20, 24, 31) . Potato discs incubated in aerated, distilled water undergo a time-dependent increase in respiration (11), which is dependent upon the synthesis of new RNA and protein. The synthesis of invertase and of other enzymes in washed discs of sugar beet, artichoke, carrot, and red beet is also dependent upon the synthesis of new RNA and protein (2, 8, 13, 21, 31) . The synthesis of nucleic acid precedes the rise in enzyme activities. The development of invertase activity can be enhanced further by addition of exogenously applied GA and can be inhibited by added auxin (8, 12, 22 In experiments involving various aeration or washing periods, transverse sections, 2 mm thick, were cut into 5-mm squares and placed into autoclaved Erlenmeyer flasks. The tissue was washed several times with autoclaved distilled water, and sufficient sterile phosphate buffer, 0.005 M, pH 6.5, was added to nearly cover the tissue. The flasks were shaken rather vigorously in a water bath at 30 C for specific times. Bacterial contamination was minimized by performing all procedures, subsequent to sectioning, in a transfer hood and by adding streptomycin sulfate and penicillin G, each at 10' M, to the sterile buffer. Furthermore, the aeration medium was periodically (at least every 4 hr) changed during the aeration period, thereby also ensuring a constant pH of the suspending medium. Bacterial contamination was monitored throughout the aeration period by mixing 0.2-ml aliquots or dilutions of the aeration medium under sterile conditions with 5 ml of a 1.5% Bactonutrient agar (Difco) preparation in a Petri dish. At the termination of the experiment, aerated tissue was crushed and mixed with the agar preparation. The plates were incubated for 24 hr at 35 C and were viewed under magnification. No visible bacterial colonies could be detected in any of the plates. Parallel runs with nonsterilized medium were also monitored and found to be highly contaminated with bacteria.
When intact storage tissue, such as roots or tubers, is sectioned and washed, a dramatic increase in metabolic activity ensues. This appears to be a general phenomenon in higher plants and has been regarded as a derepression phenomenon (11, 13, 14, 20, 24, 31) . Potato discs incubated in aerated, distilled water undergo a time-dependent increase in respiration (11), which is dependent upon the synthesis of new RNA and protein. The synthesis of invertase and of other enzymes in washed discs of sugar beet, artichoke, carrot, and red beet is also dependent upon the synthesis of new RNA and protein (2, 8, 13, 21, 31) . The synthesis of nucleic acid precedes the rise in enzyme activities. The development of invertase activity can be enhanced further by addition of exogenously applied GA and can be inhibited by added auxin (8, 12, 22) . This paper describes the changes which occur in chromatinand nuclei-directed RNA synthesis by preparations isolated from washed sugar beet tissue. RNA activity associated with a chromatin-rich fraction was isolated and characterized. The template availability of the chromatin was also determined. The data presented here are in accord with a derepression phenomenon. Addition of GA and auxin during the washing period enhances the synthesizing capacity of isolated chromatin. Experiments with isolated nuclei also indicate that these hormones affect RNA synthesis at the level of gene transcription.
MATERIALS AND METHODS
Plant Material. Sugar beets (Beta vulgaris L.) were grown in the field and stored at 3 to 5 C for use throughout this study. In order to reduce tissue variability, beet roots were chosen for their uniform size (about 1000 gm), and comparable transverse sections were employed for differential treatments.
In experiments involving various aeration or washing periods, transverse sections, 2 mm thick, were cut into 5-mm squares and placed into autoclaved Erlenmeyer flasks. The tissue was washed several times with autoclaved distilled water, and sufficient sterile phosphate buffer, 0.005 M, pH 6.5, was added to nearly cover the tissue. The flasks were shaken rather vigorously in a water bath at 30 C for specific times. Bacterial contamination was minimized by performing all procedures, subsequent to sectioning, in a transfer hood and by adding streptomycin sulfate and penicillin G, each at 10' M, to the sterile buffer. Furthermore, the aeration medium was periodically (at least every 4 hr) changed during the aeration period, thereby also ensuring a constant pH of the suspending medium. Bacterial contamination was monitored throughout the aeration period by mixing 0.2-ml aliquots or dilutions of the aeration medium under sterile conditions with 5 ml of a 1.5% Bactonutrient agar (Difco) preparation in a Petri dish. At the termination of the experiment, aerated tissue was crushed and mixed with the agar preparation. The plates were incubated for 24 hr at 35 C and were viewed under magnification. No visible bacterial colonies could be detected in any of the plates. Parallel runs with nonsterilized medium were also monitored and found to be highly contaminated with bacteria.
Nucleic Acid Metabolism. Sugar beet discs were incubated with 'H-adenosine for 2 hr in sterile phosphate buffer (0.005 M, pH 6.5) containing 10' M penicillin G and streptomycin sulfate. The nucleic acids were extracted from the tissue as outlined previously (9) and were purified by chromatography through Sephadex G-50. A2.0 of the eluant was determined with a Beckman DU spectrophotometer. An aliquot of the labeled nucleic acid was added to cold 10% trichloroacetic acid, and the resultant precipitate was transferred to a cellulose nitrate membrane filter (Bac-T-Flex, type B-6) and washed with cold 5% trichloroacetic acid. After drying, the filter was placed in scintillation fluid and the radioactivity was assayed with a Packard liquid scintillation spectrometer which gave a counting efficiency of approximately 40% for tritium. (15) , with minor modifications. The sectioned tissue was blotted dry and chilled to 4 C (this temperature was maintained throughout the remainder of the isolation). The tissue was coarsely chopped and was then homogenized in a VirTis homogenizer in an equal volume (w/v) of homogenizing medium (0.125 M sucrose, 0.1 M tris-HCI, pH 8.0, 0.001 M MgCl,, 0.02 M 2-mercaptoethanol); Dow Corning antifoam B was added at a concentration of 0.2 ml per 100 ml of homogenizing medium. Homogenization was done for 15 sec at low speed, followed by 45 sec at high speed. The homogenate was filtered through a double thickness of cheesecloth and then through Miracloth. The filtrate was centrifuged at 10,000g for 30 min and the supernatant was discarded. The crude chromatin layer was scraped from the underlying starch and cellular debris and was suspended in 0.01 M tris-HCl buffer, pH 8.0, containing 0.25 M sucrose and 0.01 M 2-mercaptoethanol (wash buffer). The chromatin layer was recovered by centrifugation, resuspended in 7 ml of the wash buffer, and was layered over 20 ml of 2 M sucrose (containing 0.01 M tris-HCl, pH 8.0, 0.01 M 2-mercaptoethanol) in a SW-25 (Spinco) centrifuge tube. The upper one-third of the tube was stirred gently. The resultant crude gradient was centrifuged at 20,000 rpm for 3 hr in a Spinco model L centrifuge. The supematant was syringed off, and the sucrosepurified pellet (chromatin) was suspended in 0.05 M tris-HCl, pH 8.0, containing 0.01 M 2-mercaptoethanol. Aliquots of this suspension were assayed for RNA polymerase activity.
Chromatin RNA Polymerase Assay. ,tg of unlabeled DNA in cold 10% trichloroacetic acid. The precipitates were transferred to membrane filters, and total radioactivity was determined. ,ug/ml, data not shown) prevents an increase in polyribosome content from that already present in unwashed tissue. The observed increase in polyribosome content suggests that a similar increase in functional mRNA occurred during this same period (23, 30) . These data indicate that the sugar beet discs are "activated" in regard to their capacity to respire, to synthesize RNA, and apparently also, to synthesize protein.
Chromatin. In order to establish the optimal conditions for the sugar beet chromatin, several parameters of the chromatin RNA polymerase assay were varied until maximal enzyme activity was attained. Figure 2 shows that the polymerization reaction is temperature dependent with no activity at 0 C. Maximal enzyme activity is exhibited between 32 and 35 C at 15-min incubation time and decreases at higher temperatures.
The effect of various concentrations of Mg`and Mn2`on the chromatin RNA polymerase activity is presented in Figure 3 .
In the presence of Mg2+, the optimal Mn2`concentration is 0.625 /tmole per ml; greater concentrations are inhibitory. The effects of varying Mg2`concentration in the presence of optimal and suboptimal concentrations of Mn`+ are shown in Figure   30 Table I ). 3b. At optimal Mn'2 content, the addition of Mg`+ has no effect on the relative reaction rate up to 5 ,umoles per ml, whereas a higher amount is inhibitory. However, when Mn!+ content is suboptimal, an optimal Mg`+ content is observed at 2.5 jumoles per ml.
Of the four nucleotides tested, all act as substrates in the polymerization reaction (Table I ). The concentration of the individual nucleotides was not known to be optimal, and it is therefore difficult to compare incorporation values. Enzyme activity was dependent on the presence of the four ribonucleoside triphosphates (Table II) . The data also show that the polymerizing reaction is completely dependent on the inclusion of either Mg`+ or Mn!+ in the medium. Further, the amount of product accumulated is minimal when actinomycin D or RNase (pancreatic) is present in the assay.
The reaction kinetics of the RNA polymerase associated with the chromatin are shown in Figure 4a . Chromatin isolated from washed tissue has about 3 '2 times more polymerase activity than chromatin from unwashed tissue; in both preparations the reaction is complete by 15 min. Figure 4b shows that the RNA polymerase activity in the assay is directly proportional to the amount of DNA added to the reaction.
The development of chromatin RNA polymerase activity during washing of sugar beet tissue is illustrated in Figure 5 . Enzyme activity is low in unwashed tissue and increases with washing of tissue. Optimal activity is reached after 24 hr of washing and then declines at about the same rate as it appeared.
It was of interest to determine whether increased chromatin transcription was due to increase in RNA polymerase. or increase in template availability, or both. The total template available for transcription by RNA polymerase was determined by saturating the available template sites with added E. coli RNA polymerase. This test assumes that E. coli RNA polymerase can copy all such sites on sugar beet DNA of the chromatin preparations. Template availability does increase and follows a pattern of change similar to that for endogenous RNA polymerase (Fig. 5) . RNA polymerase activity increases by 7-fold after 25 hr of washing, but template availability is increased only 3 times, as compared to unwashed tissue. Product of Chromatin RNA Polymerase Reaction. The nearest neighbor technique was employed to analyze the product formed by the RNA polymerase of unwashed and 25-hr washed tissue (Table III) . The RNA product formed in the standard assay for chromatin RNA polymerase was labeled with a-"P-UTP and was hydrolyzed with KOH. The individual nucleotides were then separated by paper electrophoresis. It is apparent that the product synthesized by the enzyme from the unwashed system has a nearest neighbor frequency much different from that of the 25-hr washed system (Table III) . The product of the E. coli polymerase-chromatin system was also examined, and the results are presented in Table IV . Endogenous RNA polymerase contributed less than 1% of the E. coli RNA polymerase product under conditions used. The nearest neighbor frequency of the E. coli RNA polymerase products indicates that the unwashed chromatin template is different from the chromatin isolated from 25-hr washed tissue. Further, the product formed by the endogenous RNA polymerase is different from that formed by the added E. coli RNA polymerase.
Chromatin Preparations from Hormone-treated Tissue. Naturally occurring plant hormones, such as gibberellic acid and auxin, have been shown to affect the metabolism of washed sugar beet tissue (8, 12) . The effect of these hormones on nucleic acid synthesis in vivo was studied, but no qualitative or quantitative change over control tissue was detected (C. T In Vitro Effect of Hormones on Isolated Nuclei. To study further the effect of hormones on nucleic acid synthesis, a nuclei system was tested in vitro. A crude preparation of nuclei was incubated in the presence of GA (3 X 10' M) or 2,4-D (7 x 10-7 M), and RNA synthesis was monitored by -H-adenosine incorporation (7) . The hormone-treated and control nuclei were purified, the RNA extracted and separated by MAK column chromatography (Fig. 6) . The labeled nucleic acids were fractionated into four distinct fractions (9) Sugar beet root tissue was sectioned and washed in the presence of GA or IAA for 10 hr. Chromatin was isolated from treated and control tissue, and the activity of associated RNA polymerase was determined by using standard assay conditions. Template availability of the chromatin preparation was determined with the reaction mixture described in (3, 6, 28) . Activity is temperature dependent, requires a divalent metal ion for activity, and requires the simultaneous presence of four nucleoside triphosphates. Synthesis of labeled RNA product is inhibited by actinomycin D and RNase; the product of the reaction is a heteropolymer of the four nucleotides added as substrate. The divalent metal requirement exhibited by the RNA polymerase associated with the sugar beet chromatin is similar to that of purified E. coli RNA polymerase (6) and sugar beet polymerase (C. T. Duda, unpublished results), i.e., addition of Mg`+ does not enhance the nucleotide polymerization reaction unless the concentration of Mn'+ is suboptimal in the reaction medium.
The kinetics of nucleotide polymerization catalyzed by RNA polymerase of sugar beet chromatin is similar to that reported for other systems (17, 26) .
Washing sugar beet discs results in a time-dependent rise in chromatin-associated RNA polymerase activity for the first 24 hr. Aging for an additional 24 hr brings about a drastic drop in this activity, to the level of unwashed tissue. The cause of this drop is not obvious inasmuch as other enzyme activities continue to increase for a much longer time (2, 8, 21) . Furthermore, RNA synthesis is high, and respiration is unaltered. In general, the tissue is at its peak in metabolic activities when chromatin-associated RNA polymerase begins to decline. The RNA product synthesized by the endogenous RNA polymerase after 25 hr of aging is different from that synthesized by the chromatin RNA polymerase of unwashed tissue. This is also true for the products synthesized by exogenous RNA polymerase with chromatin preparations from unwashed and 25-hr aged tissue.
The saturation of chromatin with exogenous RNA polymerase (E. coli) greatly enhanced RNA synthesis, indicating that insufficient RNA polymerase is available on the isolated chromatin for transcription of all available sites. In fact, endogenous RNA polymerase is capable of transcribing only 6% of the total DNA sites after 24 hr of aging. The low level of endogenous RNA polymerase activity may be due to loss of activity during purification of chromatin or may represent a true state of affairs in the cell. There is a rather large amount of soluble RNA polymerase activity which can be isolated from the chromatin-free supematant (C. T. Duda, unpublished observations). This suggests that certain gene sites have a higher affinity for RNA polymerase than others. Another explanation is that endogenous polymerase activity may represent a complex among RNA polymerase, DNA, and an unfinished RNA molecule, since RNA polymerase is released from the DNA template after synthesizing an RNA molecule (4) .
Aging of Jerusalem artichoke tuber discs reduces the amount of histone associated with the isolated chromatin (20) . Because histones have been suggested as suppressors of template activity of DNA (1, 15) , it would appear that washing increased template availability in artichoke discs. In addition, washing in GA enhances the loss of histones from the chromatin in artichoke tissue (20) . In this connection, we found that added GA and auxin (individually) enhanced template availability of isolated sugar beet chromatin but had little effect on associated RNA polymerase. clei of sugar beet tissue. These homones appear to stimulate the synthesis of ribosomal RNA. The effect of GA on cellular activities appears to be mediated at the level of the nucleus and probably at that of the gene (see also 10, [17] [18] [19] 29) . In the sugar beet root, increased RNA synthesis and metabolic activity in general appear to be related to an increased production of RNA polymerase activity and an increase in template DNA.
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